ABSTRACT The effects of colonization on host-seeking behavior of mosquitoes was examined by comparing attraction responses of newly colonized Aedes aegypti (L.) from Þeld-collected eggs in Puerto Rico to that of the Gainesville (Florida) strain, originally from Orlando (Florida) and in colony since 1952. Females from the Orlando and the F 0 through F 10 generations of the Puerto Rico strain were evaluated using attractant odors in a triple-cage dual-port olfactometer. Two attractant sources were used: odors from the hand of a volunteer and a standard blend of L-lactic acid, acetone, and dimethyl disulÞde. Convergence of the percentage of attraction responses occurred around the F 4 ÐF 6 generations of the Puerto Rico strain. Both the Orlando and Puerto Rico strains exhibited similar responses for tests with the remaining F 7 ÐF 10 generations. A temporal effect on mosquito responses was observed for both strains regardless of the attractant blend used in tests. This study indicates that Ae. aegypti host-seeking behavior changes signiÞcantly over the Þrst four to six generations after introduction into the laboratory, whereas the Þeld-collected strain increases in attraction response until it stabilizes at a new level.
In the past, concerns have been expressed over the innate behavioral differences of mosquitoes maintained for a long duration in a colony versus mosquitoes recently introduced from the Þeld. Colonization of mosquitoes usually requires some adaptation of the adult mosquito feeding behaviors (to obtain sugar meals for energy and bloodmeals for reproduction by females), mating behaviors, and oviposition behaviors while under conÞned laboratory conditions. Naturally, this will impart a selection bias toward those that can adapt more rapidly to rearing under colony conditions. The subsequent changes in behavior associated with this adaptation may inßuence the outcome of laboratory-based bioassays that involve examination of host-seeking behavior, repellents, and insecticides. Furthermore, until the 1970s, much of the research with colonization effects on insect behavior was conducted with noneconomically and nonmedically important insects (Boller 1972) . However, more recent initiatives, including major support from the Bill and Melinda Gates Foundation (Hemingway et al. 2006) , have led to a substantial increase in research directed at vectors that transmit diseases to humans.
Researchers conducting studies that have focused on the number of progeny produced by recently colonized insects observed a low yield during the Þrst few generations followed by a signiÞcant increase in yield before stabilizing after seven to nine generations (Boller 1972) . It was postulated that this might be a type of selection process biased toward those that more rapidly adapted to laboratory colonization conditions. Clearly, the question then becomes whether the behavioral attraction response to human odors, in the case of anthropophilic species, also will go through a transitional process that is detectable through experimentation.
We know, for example, that development of insecticide resistance in Þeld strains leads to increased probability of survival after insecticide treatment compared with their susceptible laboratory counterparts. This ability to survive combined with possible irritancy may lead to signiÞcant differences in the ability of insects to escape from enclosed test chambers (Kongmee et al. 2004) . Although the effects of insecticide resistance on toxicant assays have received considerable attention, much less study has been made of the comparative responses of Þeld and laboratory-reared insects to kairomones (chemicals that beneÞt the receiver) and allomones (chemicals that beneÞt the sender or both the sender and receiver).
Laboratory colonization of mosquitoes is known to impact various physiological and behavioral processes. For example, colony rearing of Anopheles quadrimaculatus Say reduced the ßight capability of this species (Rai 1969) , and Dame et al. (1964) reported that laboratory-reared males were incapable of locating females in the wild. In Culex pipiens L., infection and transmission rates of Rift Valley fever virus changed signiÞcantly as a consequence of the colonization process (Gargan et al. 1983) . A concern with the use of laboratory-colonized mosquitoes has been the validity of responses to DEET (N, by Anopheles albimanus Weidemann, originally obtained in El Salvador in 1974 and maintained in colony since that time (Klun et al. 2004) . After colonization of a new laboratory strain of An. albimanus from Belize, Klun et al. (2004) compared the two strains and found that their sensitivity to DEET was comparable. Recently, it has been shown that behavioral insensitivity to DEET is a genetically determined trait in Aedes aegypti (Stanczyk et al. 2010) . Therefore, behavioral responses in attraction bioassays might also be signiÞcantly impacted by strain differences and colonization effects.
The objective of this study was to deÞne and compare attraction responses to host odors between succeeding generations of a newly established strain of Ae. aegypti from Puerto Rico with a laboratory strain that had been colonized for Ͼ50 yr. The outcome of this study should enhance the interpretation, comparison, and correlation of laboratory responses to allelochemicals, and particularly kairomones in this study, for newly colonized mosquitoes compared with those maintained in colony for an extended period.
Materials and Methods
Mosquito Rearing and Maintenance. Ae. aegypti eggs collected from urban San Juan, Puerto Rico (PR), in February, 2008 were reared in May 2008 to produce generation F 0 of the PR strain in the USDA-Agricultural Research ServiceÕs (ARS) Center for Medical, Agricultural and Veterinary Entomology (CMAVE) insect rearing facility in Gainesville, FL. Due to the low numbers of adults in the early generations of the PR strain, all female mosquitoes, both responders and nonresponders, through the F 7 generation were returned to the PR strain stock cage after being tested to provide as many adult mosquitoes as possible for production of the succeeding generations. Individual mosquitoes were not reused in back-to-back tests, but, again due to the low numbers of adults, were potentially reused in later tests. The control mosquitoes were from the Orlando (O) colony of Ae. aegypti that had been maintained in an ARS insectary since 1952. All mosquitoes used in testing were provided with a 10% sucrose solution and not allowed access to a bloodmeal. The PR-strain mosquitoes that had been tested and reintroduced into the main colony, as well as those not selected for testing were later blood fed on deÞbrinated bovine blood in a sausage casing. Blood feeding was started in the morning, with the blood being warmed up periodically throughout the day, and it was concluded at the end of the work day. Female mosquitoes from the O strain were similarly blood fed. Adult mosquitoes for testing were maintained on a photoperiod of 12:12 (L:D) h. The O strain was maintained at 27 Ϯ 2ЊC and 30 Ð70% RH. The PR strain adults were maintained at 27 Ϯ 1ЊC and 80 Ϯ 5% RH.
Testing Apparatus. All tests were conducted using a triple-cage olfactometer (Posey et al. 1998 ). This olfactometer is constructed of acrylate and consists of three stacked cages where the test mosquitoes are placed before initiation of testing. On the anterior portion of each cage are two circular openings (8 cm in diameter) with cylindrical tubes with wire mesh funnels (to trap the mosquitoes that are attracted to a speciÞc odor). These cylindrical tubes are located beyond a sliding door that opens to allow mosquitoes access to the collection cylinders and closes to entrap these mosquitoes. Ports with platforms that hold the test sample(s) and allow introduction of volatile treatments into the test cages are attached to the traps. This design allows the testing of a treatment versus a control (each in its own port) or for comparative testing of two treatments against each other when each is added to the port.
Treatments. Attraction of mosquitoes was accomplished using two attractant sources. One source consisted of human skin odors from a 29-yr-old female volunteer. Although the same volunteer was used throughout the study, it is known that the volatiles produced by a single human go through signiÞcant variations over time (Bernier et al. 2002) . For these assays, the hand was extended into the port upwind from the collection tube for the mosquitoes and outside air sealed from entering with a plastic iris diaphragm (Posey et al. 1998) . The second source consisted of a chemical blend composed of 0.6 g of L-lactic acid (Sigma-Aldrich, St. Louis, MO) and 100 l of dimethyl disulÞde (Aldrich, Milwaukee, WI) in 245 ml of acetone (Sigma-Aldrich) that served as a standard attractant (Bernier et al. , 2007a . This attractant was presented in a vial cap placed on a platform placed upwind from the collection tube for the mosquitoes.
Selection of Mosquitoes For Testing. Adult 7Ð12-dold female mosquitoes of both strains were used for all tests. Depending on the generation being tested, the female mosquitoes were selected from a large cage of adult Ae. aegypti by using either hand odors from the 29-yr-old female referred to above to attract them or a hand-held aspirator to collect generations F 0 to F 6 . Beginning with the F 7 generation, there were larger quantities and a hand-draw box could be used to separate the females from the males (Posey and Schreck 1981) . Experiments were initiated with the F 0 generation of PR strain and O strain of Ae. aegypti on 5 June 2008 and concluded with the PR strain F 10 generation on 1 May 2009.
Test Procedure. Each generation of each strain was tested 12 times. The order of the tests for each generation was randomized and scheduled, according to cage and port location, before testing was initiated. Because the CMAVE olfactometer has three stacked cages and each cage has two ports, this setup equated to two tests in each port of the cages (Posey et al. 1998) . The set of experiments for each generation were completed in 4 d, and successive generations were tested at Ϸ4 Ð 6-wk intervals.
On the day of experimentation, four series of tests were conducted in the olfactometer. These commenced at Ϸ0700, 0900, 1100, and 1300 hours local time. Approximately 75 female mosquitoes, collected as described above, were transferred into each cage and allowed to acclimate for 40 Ð 45 min before testing. The ports for each cage were calibrated to allow a stream of air to pass through the ports at 28 Ϯ 1 cm/s. In the olfactometer, air temperature was 27 Ϯ 1ЊC and relative humidity was 60 Ϯ 5% during all tests. A test was initiated by opening doors between the ports and the cage, allowing air to pass over the treatments into the cage containing mosquitoes and allowing mosquitoes to ßy upwind toward the odors and to enter the ports. At the conclusion of the 3-min test period, the port doors were closed and the number of females trapped in each port and the number remaining in the cage were counted and recorded. Data were calculated as the percentage of the total number of mosquitoes present in the cage that were collected in each port.
Statistical Analysis. Strain and generation were considered independent variables for analysis of the response variable (attraction to a treatment port). For each treatment (hand or chemically deÞned blend), a two-way analysis of variance (ANOVA; PROC GLM, SAS Institute 2006) was used to measure strain and generation effects. Data were arcsine (square-root) transformed (Sokal and Rohlf 1981) before analysis in an effort to meet normality and heterogeneity of variance requirements for ANOVA. In addition, comparisons between strains were made by analyzing the average attraction of mosquitoes to the hand and to the synthetic blend across generations by paired t-test (P Յ 0.05).
In addition to examining the response levels of the two colonies, differences between the O and PR strains were determined over the 10 generations tested during a 12-mo period for convergence. For each generation, the responses of each test of the PR strain in response to either the hand or attractant blend were subtracted from the average response of all corresponding tests of the O strain mosquitoes and then averaged. The differences for each treatment had homogeneity of variance (ShapiroÐWilk test) and were not transformed. For each treatment, differences in response were analyzed by ANOVA to determine whether differences existed across generations and differences regressed across generation (SigmaStat version 11, Systat Software, Inc., San Jose, CA).
Results
Attraction of both strains of mosquitoes to odors from the hand or the blend is presented as a function of the generation of the PR strain in Fig. 1 . For olfactometer tests involving the hand treatment, the model was signiÞcant (F ϭ 9.74; df ϭ 21, 242; P Ͻ 0.0001), with signiÞcant differences in response observed between strain (F ϭ 89.52, df ϭ 1, P Ͻ 0.0001) and generation (F ϭ 7.91, df ϭ 10, P Ͻ 0.0001) of mosquitoes with the response of strains differing between generations (strain ϫ generation interaction: F ϭ 3.59, df ϭ 10, P Ͻ 0.0002). For tests involving the blend as the treatment, the model was signiÞcant (F ϭ 19.50; df ϭ 21, 242; P Ͻ 0.0001), with signiÞcant differences in responses between strain (F ϭ 229.31, df ϭ 1, P Ͻ 0.0001) and generation (F ϭ 8.79, df ϭ 10, P Ͻ 0.0001), with signiÞcant differences in response of strains between generations (strain ϫ generation interaction: F ϭ 9.22, df ϭ 10, P Ͻ 0.0001).
Differences in responses to the hand and the blend as a function of the generation of the PR strain are presented in Fig. 2 . The differences between the two strains changed signiÞcantly across the generations for the hand (F ϭ 9.64; df ϭ 10, 127; P Ͻ 0.0001) and the blend (F ϭ 19.35; df ϭ 10, 131; P Ͻ 0.0001). A linear regression conducted for each treatment across the generations yielded signiÞcant Þts for the hand (r 2 ϭ 0.51, intercept ϭ Ϫ54.29 Ϯ 8.79, slope ϭ 4.60 Ϯ 1.48) (Fig. 2a) and the synthetic blend (r 2 ϭ 0.73, intercept ϭ Ϫ45.12 Ϯ 0.52, slope ϭ 4.35 Ϯ 0.87) (Fig. 2b) .
Responses to the hand across all generations were higher for the O strain (57.64 Ϯ 3.89%) than the PR strain (34.39 Ϯ 4.52%) (t-test: t ϭ 3.89, df ϭ 20, P Ͻ 0.001). Similarly, the average response to the blend across all generations of the O strain (74.48 Ϯ 4.24%) was signiÞcantly greater than that of the PR strain (43.19 Ϯ 4.75%) (t-test: t ϭ 4.90, df ϭ 20, P Ͻ 0.001).
Discussion
In these experiments, two sources of kairomones were used to evaluate attraction responses of hostseeking female mosquitoes in the laboratory. Human odors provide the most complete proÞle of kairomones for mosquitoes to respond to; however, even though a single human volunteer was used throughout the entire study, it is known that attraction levels within an individual ßuctuate signiÞcantly over time, even as short as daily , Bernier et al. 2002 . Therefore, a chemically deÞned odor blend was used to provide a standard basis for comparison of attraction responses. Blends comprised of these compounds have provided consistent high levels of attraction in previous laboratory studies with the O strain of Ae. aegypti (Bernier et al. , 2007a .
The convergence of attraction responses revealed in Fig. 1 for odors from the hand of a human volunteer or from the synthetic attractant odor blend Þrst occur for generations F 4 ÐF 6 . The attraction of the O strain to both the hand and the blend with all generations combined was greater than the PR strain. However, there was no signiÞcant difference between responses from both strains starting with the F 4 generation, evident again with F 6 , and certainly with the F 8 PR strain where the attraction was 45.7 Ϯ 6.3% with the O strain and 44.7 Ϯ 6.1% with the PR strain. Similar trends were evident in the studies using the blend as the attractant. In Fig. 1b , the attraction levels of the O strain and F 6 PR strain to the blend were 55.5 Ϯ 6.9 and 56.8 Ϯ 3.9%, respectively.
Examination of the differences between responses in the two strains to hand odors (Fig. 2a) and to odors from the chemically deÞned blend (Fig. 2b) indicates the trend of convergence that occurred with successive generations of the PR strain. In both cases, the differences between strain responses decreased during successive generations and reached Ͻ20% difference in F 6 ÐF 10 PR strains compared with O strain with human hand odors. There is Ͻ25% difference between strains for the F 6 ÐF 10 generations of the PR strain compared with the O strain when the blend was used to attract the mosquitoes (Fig. 2b) .
In previous studies involving the responses of different strains of mosquitoes to allelochemicals, the attraction of mutant strains to human odors was decreased compared with the (control) O strain of Ae. aegypti used in the current study (Xue and Barnard 2005) . However, repellent protection time (the time until a topically applied repellent on the skin allows a mosquito bite) was decreased in only one of the strains. Although the strain that did not exhibit a protection time signiÞcantly different from the O strain, it was also completely unresponsive to attractant stimuli in bioassays. This suggests a fundamental difference in the way a repellent functions (when applied topically) as opposed to compounds that inhibit host Þnding when tested in olfactometers based on a dualport design , Bernier et al. 2007b . The difference seems to be that topical repellents are less dependent on the strength of the kairomonal or attractant stimuli, whereas the performance of an inhibitor is dependent upon the quality and possibly quantity of kairomones that the attractionÐinhibitor must mask.
There is a temporal trend to mosquito responses that is apparent in the data presented in Fig. 1a . The tests with the F 6 ÐF 9 generations were conducted during the winter (DecemberÐFebruary). When performing tests during these months with human odors as the attractant, anecdotal evidence suggests the possibility that the production, composition, or both of these odors differs signiÞcantly during this period. If substantiated, these differences may inßuence mosquito attraction responses to human odors in the olfactometer. In contrast, the use of the blend in the olfactometer port that is operated at a consistent temperature and relative humidity year-round suggests that the decrease in attraction in these months could be a seasonal effect.
There is also a situation where behavioral differences in movement and feeding on sugar meals have been examined in geographically distinct Culex annulirostris Skuse and differences exist in Þeld populations compared with colonized counterparts (Williams and Kokkinn 2005) . Chadee et al. (2002) examined bloodfeeding traits in Ae. aegypti and found that colonization led to convergence of feeding times (between the fast and slow feeders) in the F 4 generation with the largest differences seen in feeding with the F 1 gener- ation, followed by a gradual convergence in feeding behavior over the next four generations.
The Þndings of our study indicate that selection bias that led to convergence of host-seeking responses between Ae. aegypti maintained in colony for a long duration compared with those reared from Þeld-collected eggs occurred at around the F 4 to F 6 generations. This rapid selection process is similar to the rate that colony convergence occurred for fast-and slowfeeding Ae. aegypti (Chadee et al. 2002) . Because our bioassays are conducted using a speciÞed test time period of 3 min, the results of this study may be at least in part explained by the difference and eventual converge of fast-and slow-feeding mosquitoes in the colony. However, other factors may still contribute to the convergence, such as the adaptation to a laboratorybased setting for feeding and oviposition. Therefore, we can only speculate about the reasons that signiÞ-cant differences in the level of host-seeking responses existed in the Þrst few generations. It is clear, however, that the newly colonized mosquitoes reared from Þeld-collected eggs provide reproducible and similar attraction responses in behavioral assays although, the level of attraction may be lower than the long-established colony.
